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Chapter 10  Oirigin of the Elements

Approximately 73% of the mass of the visible universe is infdhm of hydrogen.
Helium makes up about 25% tife mass,and everything else represents only 2%hilgV
the abundance of these marassive (“heavy’A > 4) elementseemsquite low, it is
important to remember thatost ofthe atoms inour bodies andearth are a part of this
small portion of the matter of the univer3de low-mass elements, hydrogen and helium,
were produced ithe hot, denseconditions of the birth of theniverse itself.The birth,
life, anddeath of a star is described in terms of nuadleactions.The chemical elements
that make up the matter we observe throughout the universe were created in these reactions.

Approximately 15 billion years ago the universe began as a extremely hot and dense
region of radiant energy, the Big Bang. Immediately after its formation, it began to expand
and cool. Theadiant energy produced quark-antiquarks eledtron-positrons, another
particle-antiparticlgpairs. However, athe particles and antiparticles collided in the high
energy gas, they would annihilate back into electromagnetmergy. Asthe universe
expanded the average energy of the radiabenamesmaller. Particle creation and
annihilation continued until the temperature coademughthat pair creation became no
longer energetically possible.

One of thesignatures othe Big Bang that persiststoday is the long-wavelength
radiation that fills the universe. This is radiatieft over fromthe originalexplosion. The
present temperature of this “background” radiation is 2.7 K. (The temperaiuwéa gas
or plasma and average particle kinetic endigwre related by the Boltzmann constant,
1.38 x 1022 J/K, in the equatiorE = kT.) Figure 1showsthe temperature atarious
stages irthe timeevolution of theuniverse fromthe quark-gluon plasma tthe present
time.
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Fig. 10-1. The evolution of the universe

At first quarks ancelectrons had only adiéting existence as a plasma because the
annihilation removed them as fast as they were created. Agtverse cooledthe quarks
condensed intoucleons. This process wasnilar to theway steamcondenses taduid
droplets as water vapaools. Further expansioand cooling allowed theeutrons and
some ofthe protons to fuse tdielium nuclei. The 73% hydrogen and 25% helium
abundances that exists throughout the universe today comeshitbrondensation period
during the first threeminutes.The 2% of nuclei morenassive thamelium present in the
universe today were created later in stars.
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The nuclear reactions thfdrmed *‘He from neutrons and protons wemsaliative
capture reactions. Free neutrons and protons fuseeuterium (d ofH) with the excess
energy emitted as a 2.2 MeV gamma ray,

n+p-d+y.
These deuterons could then capture another neutron qorotem to formtritium (°H) or
He®,

d+n-3H+y and d+p- *He +y.
Finally, “He was produced by the reactions:

d+ d - “He +y, *He +n- *He +y and °*H+ p- *He +y.

Substantial quantities of nuclei momeassive tharfHe were not rade in theBig Bang
because the densities and energies of the panveles not greagnough to initte further
nuclear reactions.

It took hundreds of thousands of years of further coalinifl the average energies
of nuclei and electrons were low enough to form sthtirogen andelium atoms.After
about a billionyears, clouds ofold atomichydrogen andhelium gasbegan to bedrawn
together under the influence of their mutual gravitational forces. The clouds warmed as they
contracted to higheadlensities. \Mien the temperature of theydrogen gaseached a few
million kelvin, nuclear reactions began in the cores of tipeststars. Now @re massive
elements began to be formed in the cores of the very massive stars.

The Sun

The Sun produces 4 10?° joules per second oélectromagneticadiation, a
fraction of which is intercepted by Earth. The source of this energy is a series of reactions
that converts four protons into one helium nucleus plus 26.7 MeV of energy that appears as
energy in the reaction products. Since 1 MeV is equivalent te 16" J there must be

(4x10%°J3/s)

(26.7MeV / reaction)x(1.6x10™° J/ MeV)

occurring in the sun to maintain its energy flow. The basic reaction chain (86% trhe)
is the fusion sequence:

= 0.94x 10°8 reactions/s

H+H - H+ € +v,,
H +H - *He +y,
*He +°He - ‘He +'H + 'H.

These fusion reactions occur only athe center of theéSun wherethe high
temperaturd~10" K) gives the hydrogen anchelium isotopes enougkinetic energy to
overcome the long-range repulsive Coulomb force and come \lgashort-range of the
attractive strong nucledorce. The reaction energglowly percolates to theurface of the
Sun where it igadiated mainly in the visible region of tekectromagnetic spectrum (Fig.
10-2). Only the neutrinos escape from the Sun without giving up their energy.
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A detailed mathematical model of the temperatumd density profile othe Sun
powered bynuclear reactions alsserves as a oalel of otherstars. Since we cannot
observe the nuclear reactions directljor confirmation of the nucleamprocesses,
astrophysicists look tahe neutrinos produced ithe fusion of two protons to form
deuterium and in the less comm@%) branch othe reaction chaiwherethe fusion of
*He with “He leads to isotopes dferyllium andboron that emitneutrinos. Massive
underground neutrino detectors hdeand fewer neutrinoghan expectedfom the model
calculations. One speculation on téssing neutrinos ithat they converfrom neutrinos
associated with electrgorocesses to thosessociated with muon @au processes athey
transit from the interior of the Sun to Earth. Such a conversion can only occur if at least one
of the neutrinospecies has a non-zenoass.This is a topic of much current research
interest.
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